Indirect photometric chromatography and microdistillation enabled a simultaneous measurement of sulfate depletion and sulfide production in the top 3 cm of freshwater sediments to be made. The simultaneous measurement of sulfate depletion and sulfide production rates provided added insight into microbial sulfur metabolism. The lower sulfate reduction rates, as derived from the production of acid-volatile 35S2-only, were explained by a conversion of this pool to an undistillable fraction under acidic conditions during incubation. A mathematical model was applied to calculate sulfate reduction from sulfate gradients at the sediment-water interface. To avoid disturbance of these gradients, the sample volume was reduced to 0.2 g (wet weight) of sediment. Sulfate diffusion coefficients in the model were determined (Ds = 0.3 x 10-5 cm2 s-l at 6°C). The results of the model were compared with those of radioactive sulfate turnover experiments by assessing the actual turnover rate constants (2 to 5 day-) and pool sizes of sulfate at different sediment depths.
Indirect photometric chromatography and microdistillation enabled a simultaneous measurement of sulfate depletion and sulfide production in the top 3 cm of freshwater sediments to be made. The simultaneous measurement of sulfate depletion and sulfide production rates provided added insight into microbial sulfur metabolism. The lower sulfate reduction rates, as derived from the production of acid-volatile 35S2-only, were explained by a conversion of this pool to an undistillable fraction under acidic conditions during incubation. A mathematical model was applied to calculate sulfate reduction from sulfate gradients at the sediment-water interface. To avoid disturbance of these gradients, the sample volume was reduced to 0.2 g (wet weight) of sediment. Sulfate diffusion coefficients in the model were determined (Ds = 0.3 x 10-5 cm2 s-l at 6°C). The results of the model were compared with those of radioactive sulfate turnover experiments by assessing the actual turnover rate constants (2 to 5 day-) and pool sizes of sulfate at different sediment depths.
An understanding of the coupling between sediments and the overlying water requires a knowledge of the mechanisms controlling both nutrient remineralization rates and chemical exchange across the sediment-water interface. The respiratory reduction of sulfate to sulfide is one of the dominating processes in the metabolism and diagenesis of anoxic sediments, although the quantitative importance ofdetrital breakdown by sulfate-reducing organisms is just beginning to be appreciated. Studies on brackish sediment in Denmark (12, 21) have shown the importance of bacterial sulfate reduction in the annual mineralization of organic matter in marine sediments. Sulfate reduction in freshwater sediments may also be very significant (4, 10, (18) (19) (20) if, despite low concentrations of free sulfate, large pools of alkyl-sulfate esters are produced photosynthetically in the water layer and an internal sediment-surface recycling process is operative. Recent data obtained in our laboratory (2a) suggest that sulfate reduction as a terminal process in anaerobic carbon mineralization plays a more important role in freshwater sediments than was previously understood. In the mesotrophic stratifying Lake Vechten, The Netherlands, 8 to 20% of the amount of sedimented particulate organic carbon is converted to C02-carbon by sulfate reduction. The lake is described in detail elsewhere (22) .
As a result of analytical difficulties in determining the pool sizes of sulfate in interstitial water in freshwater sediments, data on the quantification of sulfate reduction by existing 35S radiotracer methods (13) or mathematical modeling (1) are essentially lacking for low-sulfate environments. Recently, we have developed a method to determine sulfate in freshwater-sediment interfaces by indirect photometric chromatography (IPC), which gives well-defined sulfate profiles in the micromolar range for the sediments in Lake Vechten (7) . In this method, separation is achieved by competition between the strongly UV-absorbing anion and the solute anions for the ion-exchange sites on the column. It follows that elution of sulfate will be accompanied by a localized deficiency of the UV-absorbing anions in the eluent. The * Corresponding author.
presence of the anion in the solute is then shown by a drop in the base-line value, which is proportional to the amount injected.
In this paper we describe the dynamics of sulfate reduction with the use of a mathematical model involving vertical sulfate gradients as a function of diffusion, bacterial reduction, and sedimentation. The rates of sulfate reduction and sulfide production were also determined directly in sediment cores by a 35So42-radiotracer technique that involves the use of microdistillation, which is assumed not to disturb the most active superficial sediment layer during sampling by minimizing the total amount of mud needed for analyses. Special attention was paid to the calculation of the turnover rates by assessing the actual turnover rate constants (k values) and actual pool sizes of sulfate at different sediment depths; this was done by determining the in situ concentration profiles and the depletion of 35so42-by IPC. Finally, the rates were compared with those calculated from the model as a means of understanding the kinetics of bacterial sulfate reduction and internal sediment sulfate recycling.
MATERIALS AND METHODS
Sulfate analysis. The liquid chromatograph consisted of a model 1330 Bio-Rad pump with a model 1305 Bio-Rad UV detector (Bio-Rad Laboratories, Richmond, Calif.). Samples were introduced by using a Rheodyne 7125 valve with a 20-,ul loop, which was replaced by a 200-,ul loop for the radioactivity measurements. The column (75 by 4.6 mm; HPLC Technology, Cheshire, England) was packed with 5-pum Nucleosil SB anion exchange particles. A guard column (75 by 2.1 mm, type B for anion exchange chromatography; Chrompack, Middelburg, The Netherlands) was used. The columns were insulated with cotton batting for temperature stability. An eluent of 5-sulfoisophthalic acid buffer (0.4 mM, monosodium salt diluted in distilled water [pH 4.5]; Aldrich, Beerse, Belgium) was used. Detection was at 239 nm with a flow rate of 0.8 ml/min; the attenuation was 0.16 absorbance units at full scale with the 200-,ul loop. Concentrations were evaluated by external standardization. For calibration, a series of gravimetric standard solutions in the range of 0 to water. Calibration curves were made by plotting the peak heights obtained from the chromatograms of the standards against the original standard solutions. The peak heights obtained from the sample chromatograms were compared mathematically with those of the standards for analysis. The molar response factors used were obtained from the calibration curves. More details on eluent effects, reduction of retention time, and recovery of the sulfate fractions from the sediments are given in a description of an earlier version of the method (7) .
Sample collection. Samples were collected with the exclusion of oxygen to prevent possible oxidation of reduced sulfur to sulfate. A modified Jenkin surface mud sampler was used to collect undisturbed mud cores from the deepest part of the eastern depression of Lake Vechten (2). For the measurement of sulfate concentration profiles, subsamples of 0.2 to 1.5 g, depending on the water content of the sediments, were horizontally drawn by piercing the syringe through the 2-mm holes (covered with Scotch tape no. 471) in the acrylic glass sampling tube. The upper water layer was removed to prevent mixing of the sulfate-rich water layer with the sulfate-poor sediment water. The subsamples were transferred into mini-vials (Pierce Chemical Co., Rockford, Ill.) with different volumes (maximum volume, 1.5 ml) and short, conical bottoms. The vials were completely filled with sediment and immediately closed with screw-capped Teflonfaced disks and centrifuged for S to 10 min at 1,000 x g at room temperature. After centrifugation, the supernatant was immediately separated from the sediment and stored at -20°C on analysis. After thawing, organic Fe(III) complexes were formed. The Fe(III) cations originated from the excess of free FelIC03 (23) dissolved in the pore water of Lake Vechten. The formed iron coprecipitates were removed by a second centrifugation, and 20 ,ul of the supernatant was injected into the high-pressure liquid chromatograph for sulfate analysis. Injection of unfreezed supernatant showed that the freezing procedure had no measurable influence on the sulfate concentration in the supernatant, as all the reduced sulfur was precipitated in the first centrifugation step.
Model of S04'-dynamics. Berner (1) described a theoretical model to estimate the rate of sulfate reduction from measured sulfate profiles by the equation ac a2C ac dt= Ds--w---f(x) In this formula C is the measured sulfate concentration at time t, D, is the diffusion coefficient, w is the rate of sedimentation, and f(x) = a e-bx, a function describing first-order sulfate reduction. When the system is in steady state, a practical solution of f(x) in this diffential equation is given by: rX2
where C. is the sulfate concentration of the overlying water layer, C. is the minimum sulfate concentration, and b could be computed by fitting the function Cx = (CO -C.) * e-bx + C. on the measured sulfate profile. Diffusion measurements. The application of the model requires an independent determination of the diffusion constant Ds. One method of estimating Ds is the instantaneous source technique (5) . Here the diffusion profile developed from a momentary release from a thin layer placed above the sediment is used. Measurements for the instantaneous source technique were done in a subcore (12 by 3 cm) at the environmental temperature of 6°C. To suppress sulfate reduction, the sediment was mixed with Na2MoO4 at a final concentration of 20 mM, which is 100 times higher than the concentration necessary for complete inhibition of sulfatereducing activity in freshwater sediments (20) . The subcore was incubated overnight at 6°C; on the following day a 0.5-cm layer of water containing 10 mM Na2SO4 was carefully placed above the sediment, and the core was incubated for 3.75 h before the sulfate concentration profiles were measured. The diffusion coefficient is found from the equation logioC(x,t) = a(t) -*_ logl0e 4 Dst where C(x,,), the concentration at depth x, is obtained from the sulfate concentration profile at time t and a(t) is a function of time. For a constant t, a(t) is constant and DS can be calculated from the slope of the regression line of a plot of x2 against C(x).
A second method of estimating Ds is the constant source technique (5) . Here the diffusion profile developed from a constant sulfate input is used. The measurements were done in an intact Jenkin core with a water layer containing 20 mM Na2MoO4 35 cm above the sediment. After 24 h, the permeation of MoO42-suppressed sulfate reduction in the sediment. At this time sulfate was added to the upper water layer to a final concentration of 10 mM. The column was incubated overnight. On the following day the sulfate concentration profile in the upper 4 cm of the sediment was measured. The diffusion constant Ds is then determined from the equation
where at time t the concentration Cx at depth x is obtained from the sulfate concentration profile. CO is constant in time, and erfc denotes the complementary error function. Ds was estimated from the error function graph described by Duursma and Hoede (5).
32So42-batch experiments. For estimating sulfate reduction rates, sediment samples (20 ml) were taken anaerobically at different depths from a Jenkin core by syringe and transferred into 30-ml serum vessels. The serum vessels were capped with butyl rubber stoppers, and the headspace was flushed with oxygen-free nitrogen. The sediment batches were mixed with Na2SO4 (final concentration, 2 mM) and placed into an Perspex jar (GasPak; BBL Microbiology Systems, Cockeysville, Md.) for anaerobic incubation for 14 days at 4°C with gentle mixing. During incubation, subsamples of the sediment were taken and analyzed for sulfate.
35s042 tracer experiments. Undiluted sediment samples (6 ml) from various depths were taken horizontally from the Jenkin core, as described above, for incubation with Na235SO4. The samples were anaerobically transferred into 7-ml pico-vials (Packard, Brussels, Belgium). Each pico-vial was capped with a butyl rubber stopper, and the headspace (1 ml) was flushed for 5 min with oxygen-free nitrogen which had passed through a column of BASF catalyser R3-11 at 150°C. After the headspace had been flushed, an anaerobic solution containing 1.78 x 105 dpm of Na235SO4 in 0.1 ml of distilled water (Amersham Corp., Little Chalfont, England) was added by piercing the rubber stopper with a syringe. The sediment samples in the pico-vials were stirred vigorously on a Vortex mixer for a uniform distribution of the 35S042-label. The samples were incubated in the dark at 6°C (in situ temperature). During the incubation, 1-ml samples were taken with a syringe at hourly intervals. No change in the natural pH (7.2) was observed. The samples were transferred into pico-vials which were previously flushed with nitrogen.
The pico-vials were immediately weighted and centrifuged at 1,000 x g for 1 min at room temperature. After centrifugation, 300 RI of pore water was withdrawn by syringe, transferred into centrifuge tubes, and stored at -20°C for sulfate analysis. The centrifuged pico-vials with the precipitated sediment were frozen by immersion in an acetone-dry ice mixture for 15 min and stored under nitrogen for subsequent distillation and radiochemical analysis. For simultaneous 35s042-and 32SO42-measurements, the frozen pore water was thawed and centrifuged before injection into the high-pressure liquid chromatograph. The 32SO42-concentration was measured by the UV detector as described above.
For 35s042-measurements, a 6-ml fraction which included the sulfate peak volume (3 ml) was collected in a scintillation vial to which 11 ml of Instagel II (Packard) was added. The radioactivity in the vials was counted in a Packard Tri Carb 4530 liquid scintillation spectrometer for 20 min at a window breadth of 4-167 KeV. Quench curves of the eluent (0.4 mM 5-sulfoisophthalic acid) showed an excellent count efficiency (95% or more), in contrast to that of the untreated pore water (below 60%). This efficiency is explained by the complete separation of the sulfate peak from potential quenching components (organics and cations) and the lack of absorbance of the eluent above 300 nm, in which spectrum region the scintillator emits. Calibration curves with a calculated amount of radioactivity (1,000 to 1,500 dpm per 200-,A injection) that were used for external standardization and for correction of the decay time (87.9 days) were linear (r = 1.00000). Standard addition of 35s042-to the sediment showed a recovery of 98.5% from the pore water.
The 35S2-produced from the same sediment samples were measured by a modification of the method of J0rgensen (13) on the day of incubation. The modification was the substitution of a microdistillation apparatus which consisted of the pico-vial containing the frozen sediment sample after centrifugation and two pico-vial traps in series connected by a short segment of thick-wall Teflon tubing. Seven units were placed parallel on a Perspex glass plate for simultaneous distillation. The traps contained 2 ml of zinc acetate solution, 0.5 ml of NaOH, and 0.1 ml of isoamyl alcohol. It proved essential to add the isoamyl alcohol as antifoam in the microdistillation apparatus. The samples were stirred with microbars and tape-recorder motors which were mounted under a Perspex glass plate. Before distillation, the system was flushed with oxygen-free nitrogen. At this stage the samples were still frozen. The nitrogen flow (+ 5 ml min-') was adjusted for each sample unit to prevent crosscontamination by siphoning. Distillation of the acid-volatile sulfide was initiated by the addition of 1 ml of 4 N HCI, which reduced the pH of the sediment to 0. The liberated H215S was carried with the nitrogen into the pico-vial traps within 40 min. A solution of 5 ml of Instagel II (Packard) and 0.1 ml of NaOH was added to the traps for measurement with the scintillation counter. Standard addition experiments in which a series of Zn35S (382 to 1,520 dpm) was added to the sediment showed a linear recovery of 89 ± 7% (r, 0.9981) of the liberated H235S in the first trap. Quench curves of Zn35S made in the trap mixture showed an efficiency of 95%. We used ZnS to see whether the added amount of HCI was sufficient to release the volatile metal-bound sulfide pool and whether the released H235S was quantitatively trapped in the distillation train. The results agree with those found by Ingvorsen et al. (10 RESULTS Sulfate concentrations in the top 2 cm of the sediment decrease at the beginning of the summer stratification (Fig.  1) . In the summer and early autumn the sulfate concentrations are low, and early in October the sulfate concentrations increase again. The deeper layers (1 and 2 cm deep)
showed a second fall in sulfate concentration in the autumn and early winter. This is not observed in the more superficial layers of the water column just over the sediment. With the vertical sulfate profiles at the sediment-water interface, sulfate-reducing activities (Fig. 1) were estimated by the diffusion model. In the model, the diffusion constant calculated from the constant source ([0.3 ± 0.05] x f0-5 cm2 sl1) ( Fig. 2A) and from the instant source ([0.3 ± 0.03] x i0-cmub 1) (Fig. 2B) were used. These values are similar to those for marine sediments if corrected for temperature (16, 17) . The sedimentation rate (1.8 x (0s cm day1) was estimated from the thickness of the organic layer in the lake (20 to 30 cm) and the time in which this layer was deposited, namely about 40 years (22) . The sulfate reduction rates obtained from the model (Fig. 1) at the 1-cm-deep layer roughly parallel the sulfate concentration. The highest sulfate reduction rates (2 mM m-2 day-') were observe( in winter, whereas during summer stratification in August and September no sulfate reduction in the sediment was found.
A second estimation of sulfate-reducing activity was derived from the decrease in sulfate in a stagnant water column over a sediment core (Fig. 3) . During the first 13 days of the incubation at 4°C, sulfate gradients were developed in the water phase, and from these profiles, a sulfate reduction of 0.6 mM m-2 day-' was estimated. When the water column was mixed by gentle air bubbling, release of sulfate (5 mM m-2 day-1) from the sediment occurred.
A third estimate of the sulfate-reducing activity was derived by following sulfate depletion in 32SO42-_enriched sediment samples (10 times the natural concentration). During the first 7 days, sulfate reduction rates were linear, the highest being 107 to 110 nmol cm-3 day-1 in the batches from the upper 2 cm of the sediment, followed by 22 to 30 nmol cm-3 day-1 in batches from 2 to 6 cm and 6 nmol cm-3 day-' in batches from 6 to 10 cm. After 7 days, the sulfate reduction rates in the batches increased, resulting in complete depletion of the sulfate pool in the batches from the upper few centimeters within 14 days. The total sulfate reduction from the sediment surface (1.7 mmol m-2 day-1) was calculated by summation of the areal sulfate reduction rates.
The fourth estimate of sulfate-reducing activity is derived from the conversion of 35s042-to 35S2-. A logarithmic decrease of 35S042-with time at various depths was observed for at least 3 h (Fig. 4A) . Using the turnover rate constants derived from Fig. 4A (Table 1) and the actual in situ pool sizes which remained constant during incubation, we calculated sulfate reduction rates for different depths at the sediment-water interface (Table 1) . The summed sulfatereducing activity for the different depths was 3.6 mM m-2 day-'. A logarithmic increase of acid-volatile 35S2-was simultaneously observed in the same samples (Fig. 4B) . the 35S2-generated in this experiment represents a significant proportion (33% or more) of the 35S042-added to the sediment. The efficiency of conversion appears to increase with depth (Table 1) . Summation of the turnover rates of 35S042-obtained from the production rate constants of 35S2- (Table 1) gives a total sulfate reduction rate of 1.6 mM m-2 day-'.
To determine the variation in sampling, sediment batches were taken from five different Jenkin cores at a depth of 2 cm. The batches were incubated at in situ temperature, and the conversion of 35S042-into 35S2-was followed until the added 35S042-(±21,000 dpm cm-3) was nearly depleted (Fig. 5) . A maximum of 80% of the added 35s042-was recovered in the acid-volatile 35S2-pool after 1 h. The sulfate reduction rate in these samples was much faster than those shown in Fig. 4 . The 35S2-in the sediment generated from the reduction of 35S042-showed a loss with time after nearly all the 35S042-had been depleted. The same phenomenon was observed in the inhibition experiments with 20 mM Na2MoO4 (Fig. 5) . The addition of 20 mM Na2MoO4 com- 
DISCUSSION
The dynamics of sulfate reduction in sediments were generally investigated by following the sulfide production (8, 10, 14, 15, (18) (19) (20) , since a sensitive (microliter) method for determining sulfate was not available. With the recent introduction of liquid chromatography in sedimental sulfate analysis (7), it is now possible to measure sulfate depletion directly rather than analyze one of its conversion products (S2-). Also, for accurate measurement of the easily disturbed steep gradients of sulfate (Fig. 1) neither laborious nor difficult to set up. Since the sediments are not exposed to air, the risk of oxidation artifacts is considerably reduced. The reduction rates obtained from the model are mainly determined by the steepness of the measured concave-down profile, which were normally not found in marine sediments (14), since mixing within the core will smooth the natural gradient, resulting in an underestimation of the sulfate-reducing activity.
In Lake Vechten, sulfate-reducing activities were correlated with the seasonal fluctuation of the sulfate concentration in the lower layers of the lake (23) . During summer stratification the sulfate in the hypolimnion is supplied mainly through diffusion from the metalimnion. In this period, sulfate reduction is low in the sediment and occurs in the hypolimnion. This is also evident from the sulfate depletion in the hypolimnion and the presence of sulfate-reducing bacteria in this layer (2). The relation between carbon input and sulfate consumption in the deepest water stratum and in the sediments of Lake Vechten was studied with the help of diffusion flux calculations and sedimentation measurements. At the start of the summer stratification, about 19% of the input carbon was mineralized by sulfate reduction, but at the end of the summer stratification this was about 8% (22a).
During the autumnal overturn, both increased turbulence and oxygen supply to the lower water layers result in a net production of sulfate that reappeared in the overlying water of the sediment. In winter, when the water layers in the lake are remixed, an equilibrium between sulfate conversion processes is established so that the concentration of sulfate in the lake does not change. The turbulence effect was imitated by the aerobic incubation of intact Jenkin cores (Fig. 3) , which showed that the amount of sulfate withdrawn from the overlying water is controlled by the turbulence of the water layer. Oxygen and redox potential measurements by microelectrode techniques in the sediments of intact Jenkin cores showed a rapid decrease of 10 ,ug/ml to 0.5 .Lg of 02 per ml and a redox potential fall of 170 mV in the upper 4 mm of the sediment, excluding chemical reoxidation of the reduced sulfur below this layer. These observations confirms the results of the model which showed the highest sulfate-reducing activity in the same small layer (0.5 to 2.5 cm deep) of the maximum abundance of sulfate-reducing bacteria (2).
Anaerobic incubation of sulfate-enriched sediment batches from this layer with sulfate concentrations 10 times the natural ones showed that the sediment can reduce this excess of sulfate completely without the limitation of the organic pool. This was indicated previously by assessing the pool sizes and turnover rates of important lower fatty acids (3, 6). The absence of the organic limitation permits firstorder kinetics in the model, and no sulfate adsorption to the sediment was found (7) . Sulfate reduction in the anaerobic sediment of Lake Vechten is therefore limited by the available sulfate concentration supplied by diffusion.
Comparison of the results of the model (Table 2) with those from the batch experiments in the same sulfate-reducing zone (O to 5 cm deep) showed that reducing rates observed by incubation with 35SO42- (Fig. 4 and 5) w re higher. This may be explained by the direct availability of sulfate from recycling processes to the sulfate-reducing bacteria in the upper 5 mm of the sediment. These recycling processes are not measured by the diffusion model. The applied model gives an estimate of the net sulfate reduction rates and may be useful in routine studies for comparing sulfate-reducing activities in different freshwater sediments.
The most reliable sulfate reduction rates in sediments are obtained by measuring the depletion rate of sulfate simultaneously with their pool size; this gives the actual turnover rates. From the acid-volatile sulfide depletion shown in Fig.  5 , it may be concluded that sulfate reduction rates in freshwater sediments are easily underestimated if only sulfide production is followed. This is because the addition of molybdate (Fig. 5) shows that when sulfate reduction is completely inhibited, the formed sulfide slowly depletes. The lower sulfate reduction rates derived from the production of acid-volatile 35S2-can be explained by a slow conversion of this pool to an undistillable fraction. The acid distillation does not include 35S2-label incorporated into compounds as pyrite and elemental sulfur, which must be determined by other means (9) . It was recently reported (8, 9, 11, 15) that only 30% of the converted 35S042-ends up in the acid-volatile pool which is recovered by distillation. In Lake Vechten sediment, 50% of the acid-volatile pool is converted into the non-acid-volatile pool within 3 h (Fig. 5) . Howarth and Merkel (9) reported the rapid formation of pyrite in salt marsh sediments. From Fig. 5 we can conclude that after 1.5 h more than 85% of the reduced sulfur was present as Fe35S. For this reason, we believed as a result of sequential reactions the reduced 35S is more likely to end up in inorganic (FeS2,SO) instead of organic compounds. The incomplete recovery of all the reduced sulfur compounds by the acid distillation complicates an accurate estimation of sulfate-reducing activity in the sediment. For this reason, IPC is an additional, nearly indispensable, tool for studying the conversion processes of sulfate in freshwater.
